The biological relevance of trehalose, glycerol, and their mixtures in several anhydrobiotic and cryobiotic organisms has recently promoted both experimental and simulation studies. In addition, these systems are employed in different industrial fields, such as pharmaceutical and cosmetic industries, as additives in mixtures for cryopreservation and in several formulations. This review article shows an overview of Inelastic Neutron Scattering (INS) data, collected at different temperature values by the OSIRIS timeof-flight spectrometer at the ISIS Facility (Rutherford Appleton Laboratory, Oxford, UK) and by the IN4 and IN6 spectrometers at the Institut Laue Langevin (ILL, Grenoble, France), on trehalose/glycerol mixtures as a function of the glycerol content. The data analysis allows determining the Boson peak behavior and discussing the findings in terms of fragility in relation to the bioprotective action of trehalose and glycerol.
Introduction
In very high saline environments, halophile organisms tolerate extreme desiccation by passing into anhydrobiosis, a state characterized by little intracellular water and no metabolic activity. Just to cite some examples, in anhydrobiotic conditions, tardigrades [1, 2] produce intracellular trehalose and glycerol, while the nematode Aphelenchus [3] accumulates trehalose during desiccation and glycerol after this phase, and the arctic insect Megaphorura arctica uses trehalose and glycerol to change the membrane composition during dehydration [4, 5] . The trehalose and glycerol synthesis by these organisms stimulated scientific studies on those systems individually and more recently on their mixtures in order to understand the molecular mechanisms responsible for their bioprotective functions and to open the way for industrial applications of these systems, in particular, for the preservation of protein structure and the maintaining of the biomolecular functions [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
From the physical point of view, the carbohydrate trehalose ( -Dglucopyranosyl -D-glucopyranoside, C 12 H 22 O 11 , = 345 a.u.) and the alcohol glycerol (1,2,3-propanetriol, C 3 O 3 H 8 , = 92 a.u.) are glass-forming systems. Trehalose possesses two crystalline stable phases, one dihydrated and one anhydrous, and has a glass transition temperature of 388 K. On the other hand, glycerol shows an intrinsic difficulty to crystallize and has a of 190 K. Furthermore, trehalose and glycerol are classified as "intermediate" in the Angell "strong-fragile" scheme [18] [19] [20] [21] , which ranks systems on the basis of the structure sensitivity to temperature changes in approaching the glass transition, and it has been shown that the effect of trehalose on biomolecular structural and dynamical properties is mediated by water, whose tetrahedral network is strongly deformed by the sugar [22] [23] [24] [25] , while the sugar hydrogen-bonded network is affected by the presence of glycerol, which by means of strong attractive forces creates intense hydrogen-bonded interactions [15] [16] [17] .
With the aim to investigate the different bioprotective effectiveness of trehalose and trehalose/glycerol mixtures, a systematic study on mixtures at different glycerol concentration values in trehalose (0.00%, 1.25%, 2.50%, 5.00%, 7.50%, and 10.00% by weight) has been performed [17] [18] [19] .
The present review article shows an overview of INS findings on trehalose/glycerol mixtures as a function of , temperature, and concentration. The data analysis is focused on the Boson peak features at different temperatures and then on the fragility behavior in order to relate these properties to the biological role of trehalose and glycerol.
Materials and Methods
Ultrapure dihydrated trehalose and glycerol, purchased by Aldrich-Chemie, were used for sample preparation. Homogeneous and dust-free samples were stabilized for an ample time (30 min) to reach the thermal equilibrium before each temperature run. The investigated glycerol concentration values in the trehalose/glycerol mixtures are 0.00%, 1.25%, 2.50%, 5.00%, 7.50%, and 10.00% by weight.
INS experiments were carried out by using the OSIRIS spectrometer at the ISIS Facility (Rutherford Appleton Laboratory, Oxford, UK) and by using the IN4 and IN6 spectrometers at the Institute Laue Langevin (ILL, Grenoble, France). OSIRIS is an inverted geometry time-of-flight instrument such that neutrons scattered by the sample are energy-analyzed by means of Bragg scattering from largearea crystal-analyzer array. The configuration of OSIRIS used for the INS measurements was scattering angle range of 11 ∘ < 2 < 55 ∘ , PG004 graphite with a momentum transfer range of 0.7Å −1 < < 3.6Å −1 , and energy resolution of 99 eV (FWHM). The IN4 spectrometer is a time-of-flight spectrometer used for the study of excitations in condensed matter, and it was configured for the measurements with an incident wavelength of 2.96Å and an energy resolution of 450 eV. The IN6 spectrometer is a time-of-flight spectrometer designed for quasielastic and inelastic scattering for incident wavelengths in the range of 4 to 6Å. The incident wavelength used for the measurements was 5.12Å with an energy resolution of 50 eV.
Results and Discussion
The Boson peak is still subject of controversy in the physics of glasses [26] [27] [28] [29] [30] , promoted largely by the recognition that excitations of Boson peak energies are responsible for low temperature anomalies in glasses (e.g., violations of the Debye 3 law for low-temperature heat capacity). While clearly identified as an excess in the vibrational density of states over that expected for a homogeneous elastic solid, the Boson peak detailed character has been very difficult to establish [26, 27] . In the opinion of some authors [28] , this vibrational bump marks the crossover from propagating sound waves to vibrations localized at the wavelength towards the typical length scales for which the disorder of the material becomes significant. On the other hand, other authors [29] have attributed the Boson peak existence to lowest-order intermolecular vibrations of clusters of atoms or to fractal structures. Finally, the so-called soft potential model [30] attributes this vibrational contribution to the coexistence of soft vibrations of a collection of particles and sound waves for frequencies up to the maximum of the peak.
In the one-phonon approximation [31] , the incoherent dynamic structure factor at a given temperature can be written as
where exp(− 2 ⟨ 2 ⟩), with the exchanged wavevector and ⟨ 2 ⟩ mean square vibration amplitude, is the Debye-Waller factor, EISF( ) is the elastic incoherent scattering function, ( ) is the Dirac delta function, QE ( , ) is the quasielastic incoherent dynamic structure factor, and INEL ( , ) is the inelastic incoherent dynamic structure factor. The first term is related to the elastic response of the system, the second term is linked to the diffusive nonvibrational motions and appears as a broadening of the elastic peak, and finally the last term is connected with the vibrational behavior. The inelastic contribution has been observed [32] to become less distinct due to the overlapping with a broad quasielastic component of increasing intensity, which is accompanied by a decrease in the elastic intensity. By assuming that, only incoherent scattering is visible, this latter contribution can be written as
where is the mass of the scattering unit, ( , ) is the Bose factor, and ( ) is the density of vibrational states. In a real experiment, (1) is understood to be convoluted with the energy resolution function of the instrument. In our case, the spectra obtained at T = 100 K show no quasielastic broadening of the elastic line. Figure 1 shows the averaged dynamic structure factor for trehalose/glycerol mixtures, obtained by adding up the spectra at all the investigated values, as a function of the energy shift at T = 2 K, 100 K, and 300 K. From an inspection of Figure 1 , the Boson peak is observed for all the investigated glycerol concentration values at ∼7 meV at T = 2 K, at ∼5 meV at T = 100 K, and at ∼4 meV at T = 300 K.
In order to get dynamical information about the investigated systems, the INS spectra have been studied as a function of , as shown in Figure 2 . The Boson peak intensity as a function of , as shown in Figure 3 , suggests both a quasiharmonic behavior and a high cooperative degree in the fast motions of trehalose/glycerol mixtures [33] [34] [35] .
To quantitatively evaluate the relative importance of the relaxational versus vibrational contributions, we also apply the procedure introduced by Sokolov et al. for determining the fragility of glass-forming systems [36, 37] . Sokolov and coworkers correlate the ratio of the fast relaxation (anharmonic part) to the vibrational (harmonic part) contributions to the fast dynamics at with the degree of fragility defined as
where is the apparent activation energy of viscous flow at normalized by , is the gas constant, and represents the shear viscosity. Experimentally, the magnitude of the Boson peak is found to be greater for strong glasses as silica and to decline in strength as fragility increases. However, when the density of silica is reduced, the intensity of the Boson peak increases further, suggesting that the strength of the glass may also be increasing [38] .
Following Sokolov et al. [36, 37] , the ratio of anharmonic to harmonic contribution can be measured as a ratio 1 of the normalized intensity at the minimum min to the normalized intensity at the maximum max as follows:
In this framework, since 1 increases monotonically with increasing degree of fragility, a higher value of 1 can be attributed to a more fragile character [36, 37] . The 1 parameter behavior as a function of glycerol concentration at T = 2 K, 100 K, and 300 K is shown in Figure 4 . It is highlighted that the addition of small amounts of glycerol to trehalose significantly changes its fragility. Beyond this point, fragility first decreases and then increases with the further addition of glycerol. Clearly, glycerol affects the fragility of sugar in a nonmonotonic manner, showing a minimum at the glycerol concentration value of 2.5%.
It has been shown [12-17, 39, 40] that the addition of small amounts of a low diluent to pure trehalose leads to a reduced and an increased stability for proteins sequestered in the glass. Specifically, the stability of enzymes embedded in mixtures of glycerol and trehalose with various compositions has been probed by measuring the deactivation times of the enzymes. In particular, Cicerone and coworkers showed that the addition of 5% by weight of glycerol to pure trehalose gives rise to the smallest mean square displacement. Furthermore, these authors confirmed the correlation between the preservation of enzymes and the suppression of short time local dynamics [15] .
The INS findings suggest, therefore, that on a short wavelength and time scale, the local fast dynamics, which can be linked to the protein stabilization effectiveness, is in a more marked way suppressed for a glycerol concentration value of 2.5%. On the other hand, this stronger suppression of the fast dynamics can be correlated with a less fragile character. 
Conclusions
In order to get information about the effect of the presence of glycerol on trehalose, the Boson peak behavior as a function of and concentration in trehalose/glycerol mixtures has been analyzed. The obtained information allowed determining the fragility degree and its dependence on glycerol content.
The whole body of data on trehalose/glycerol mixtures at different glycerol content supports the hypothesis that, in the small investigated glycerol concentration range, the trehalose/glycerol matrix forms a stronger hydrogen-bonding network with respect to that of pure trehalose. The signature of the strengthening of the hydrogen-bonded network created by trehalose and glycerol is recognizable in the trends followed by all the determined physical quantities. More specifically, the increased rigidity revealed by the dynamic features confirms that the hydrogen-bonded interactions are rearranged in a stronger network as a consequence of the addition of glycerol. The molecular origin of this anomalous behavior can be linked to the registered minima in the 1 parameter, which clearly signals the presence of a not-ideal mixing process.
The present INS findings, which have been obtained from very low to very high temperature, can also provide a physical explanation for the trehalose-glycerol interplay found in several organisms under stress conditions as well as they can furnish some useful details about the biotechnological use of trehalose and glycerol.
